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SUMMARY 


A 14-inch-diameter axial -flow-compressor rotor with a hub -tip 
diameter ratio of 0.50 was designed and operated to investigate the 
blade-element characteristics as well as the over-all performance of a 
set of circular-arc rotor blades operating over a range of inlet rela- 
tive Mach number from 0.40 to 0.82 with the inlet guide vanes installed 

guide vanes removed. At design tip speed 
of 1120 feet per second, a peak pressure ratio of 1.277 was reached at 
an efficiency of 0.85 and an equivalent weight flow of 23.75 pounds per 
second for the rotor with guide vanes. A maximum design-speed effi- 
ciency of 0.905 was obtained at a weight flow of 28.18 and a pressure 
ratio of 1.186. At an equivalent tip speed of 1000 feet per second, 
which was considered to be the best operating speed for the rotor with- 
out guide vanes, a peak pressure ratio of 1.297 was reached at an equiva- 
lent weight flow of 32.30 pounds per second and an efficiency of 0.89. 

0.895 was reached at an equivalent weight flow of 
55.60 poiinds per second and a pressure ratio of 1.276. 


_ In both investigations, it was possible to operate over a wide range 
angle at all radial positions with no large losses except 
at the blade tip. The optimum incidence angle appeared to increase as 
^ch number increased. At the design angle of incidence, the design 
turning-angle rule predicts accurately the turning at all radial posi- 
tions except the hub section. At the hub, slight underturning resulted. 
In addition, the turning angle was not affected by Mach number over the 
range of Mach number investigated. 


The design assumption of simple radial equilibrium proved to be 
relatively accurate, in that reasonably good checks of calculated and 
measi^ed ^ial velocity were obtained. However, when the entropy- 
gradient term was included in the radial equilibrium calculation, there 
was better agreement between the measured data and calculated values of 
axial velocity. 
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In the rotor without guide vanes, at a tip speed of 1120 feet per 
second there were indications that the limiting relative Mach number, 
which was determined to be between 1.10 and 1.20, had been exceeded. 
Therefore, the over-all peak efficiency was reduced approximately 7 per- 
cent in this range of Mach number. 


IIWRODUCTION 

In order to improve the performance of the axial-flow-compressor 
component of aircraft gas-turbine power plants, efforts axe being made 
to decrease its size and weight (for a constant mass flow) without 
sacrificing its inherently high efficiency. Therefore, compressor 
designs are desirable which utilize high pressure ratio per stage and 
high weight flow per unit frontal area without sacrifice to compressor 
efficiency and range of efficient weight flow. It is possible to 
Increase the axial velocity (which represents a gain in weight flow per 
unit frontal area) and the compressor pressure ratio, if the relative 
entrance compressor Mach number can be increased without incurring 
serious internal flow losses. 

Most commercial con 5 )ressor designs incorporate conventional sub- 
sonic compressor blading that is limited to relatively low Mach numbers 
(up to approximately 0.75) because of the complications that arise as 
the local velocities on the blade stirfaces approach the speed of sound. 
In an effort to find an airfoil with a profile shape suitable for effi- 
cient operation at higher inlet Mach numbers, some two-dimensional cas- 
cade data were obtained on n\jmerous airfoils with various prof ile shapes 
(ref. l). The cascade results indicate that a circular-arc airfoil 
appears promising at high subsonic Mach numbers. The airfoil consists 
of clrciilar-arc pressure and suction surfaces of different radii. The 
camber and thickness may be adjusted to any prescribed value by chang- 
ing the radius of the pressure-surface or the suction-surface arcs, or 
both. 


In view of these results (ref. l) , an axial -flow-conpressor rotor 
with circ\ilar-arc blades was designed to operate at a relative inlet 
Mach number of approximately 0.8, and an investigation was made to 
determine the range of conditions over which the circular-arc airfoil 
would operate satisfactorily, as well as the three-dimensional flow 
effects on the performance of the rotor. In addition, the validity of 
the velocity-diagram procedure used in the design was determined. 

The results of reference 2 indicate that an axial-flow-conpressor 
rotor with similar blading could be operated efficiently at transonic 
Mach numbers (0.8 to l.l). Since the rotor described in reference 2 had 
a lower aspect ratio and a higher solidity than those normally associ- 
ated with commercial compressor designs, the present rotor blade design, 
which has conventional aspect ratio and solidity, was investigated up 
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to Mach numbers in the transonic range by removing the sheet-metal 
inlet guide vanes. The present report^ therefore, discusses the per- 
formance of the circular -arc blade rotor operating over a range of Mach 
number with the inlet guide vanes installed and with the guide vanes 
removed. 


COMPRESSOR DESIGN 
Velocity-Diagram Calculation 

Since the highest Mach number in an axial-flow compressor usually 
occurs at the compressor inlet, the design was made for a typical inlet 
stage (hub-tip diameter ratio, 0.50). Reference 3 was used as the basis 
for choosing the design velocity distributions. Results of the analyses 
of reference 3 indicate that a ”wheel-plus -vortex^* design (a design 
that establishes a wheel-type rotation through the guide vanes and a 
vortex or constant energy addition radially through the rotor) results 
in a design point with high pressure ratio and high mass flow for a 
given rotor relative Mach mmiber limitation (Mj[ approximately equal to 

0.8). The velocity diagrams were calculated on the basis of the follow- 
ing ass-umptions : 

1. Constant tip diameter (rip = 14 in.) 

Constant total enthalpy from hub to tip 

Simple radial equilibrium of press\xre and no radial flow 

¥) 

Rotor efficiency equal to 0.90 

Wheel-type rotation through inlet guide vanes (Vq = Kf ) 

6. Constant or vortex energy addition through rotor 

(Ve,i - Ve,2 = K/r) 

7. Rotor Mach number limit M£ equal to approximately 0.8 

The rotor (when operating with inlet guide vanes) selected for this 
investigation had a design equivalent tip speed of 1120 feet per second 
6ind a design total -pressure ratio of 1.227 at an equivalent weight flow 
of 28.08 po\mds per second. No area allowance was made for flow block- 
age caused by boimdary- layer growth. Typical design velocity diagrams 
are shown in figure 1. The rotor in operation without inlet guide vanes 
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does not have any specific design pointy because it was not designed to 
operate under these conditions. However, the knowledge of the effects 
of operation at transonic relative Mach numbers to be gained by removal 
of the guide vanes was considered to be of sufficient importance to 
warrant the investigation, even though it would be necessary to tolerate 
a large variation of incidence angle from hub to tip. 


The guide vanes were 0.060-inch-thick sheet -metal blades having a 
circular-arc camber line with constant radius of curvatiore. The desired 
turning-angle distribution was obtained by varying the chord length 
from hub to tip. The guide vanes were designed on the basis of refer- 
ence 4 in conjunction with reference 5. The guide-vane geometry is pre- 
sented in table I. 

A typical rotor blade section is shown in figure 2, Since complete 
cascade data on the circular-arc airfoil covering a range of solidities 
and inlet flow angles were not available, blade cambers and blade-angle 
settings were determined from an empirical deviation-angle rule described 
in reference 6. The deviation angle determined from this rule for 
circular-arc camber lines is given by: 


The symbols used in this report are presented in the appendix. 

This equation, which was derived for two-dimensional cascades, is valid 
only for nominal incidence angle, which is defined as the incidence 
angle where the turning angle is 0.8 of its maximum or stall value. 

Since deviation angle varies only slightly with incidence angle in the 
stall-free range of the blade, this rule was applied in this design at 
an incidence angle of 2^, which was chosen on the basis of reference 1 
to be the incidence angle for minimum drag. The incidence angle for 
minimum drag is termed optimum incidence angle throughout this report. 

A trial-and-error solution of equation (l) was necessary to compute the 
required camber angle and blade-setting angle from the specified tiorning 
angle and angle of incidence. The blade maximum thickness varied from 
10 percent of chord at the hub to 5 percent at the tip. The chord length 
was 1.50 inches. The rotor blade geometry is presented in table II. 


A schematic diagram of the conp)ressor installation is shown in fig- 
ure 3. Power was supplied to the compressor by a ISOO^horsepower 


Blade Design 
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dynamometer through a speed-increaser gearbox. Room air vas drawn 
through a thin-plate sharp-edged orifice into an orifice tank. It then 
passed into a depression tank and into the con^jressor through .a bell- 
mouth at the depression-tank exit. The air passed from the compressor 
into a collector and was discharged into the laboratory altitude exhavist 
system. 


Instrumentation 

Air flow through the compressor was measured by means of the sharp- 
edged^ thin-plate orifice. The pressure drop across the orifice was 
indicated on a U-tube water manometer^ and the room temperature was 
measured by means of fo\jr thermocouples located j-ust ahead of the orifice 
tank. 


Measuring station 0, which is shown in figure 4, was located in the 
depression tank. Ten5>eratures in the tank were measured by three bare- 
wire thermocouples. Four wall taps were used to measure pressure. 

Since the air velocities in the depression tank were very low, measured 
pressures and temperatures were taken to be stagnation values. 

Station 1 was located l/2 inch behind the guide vanes. Preliminary 
circumferential s\nrveys of total pressure were taken behind the guide 
vanes in order to find the position of the guide-vane wakes and the mag- 
nitude of the associated losses. Radial surveys of total pressure, 
static pressvire, and flow angle were then made in the wake -free region 
of the annulus at five equally spaced points. In addition, wall static- 
pressure taps were provided at the compressor tip. The uotal tempera- 
ture at station 1 was assimied to be eq\jal to the depression-tank total 
temperature. When the guide vanes were removed, no surveys were taken 
at station 1. Inlet conditions were determined from the wall static 
taps and the depression-tank pressure and temperature measiu’ements . 

Station 2 was located l/2 inch behind the rotor blades. In pre- 
liminary runs, it was noted that the inlet -guide -vane wakes could be 
picked up behind the rotor row. Because these guide-vane wakes extended 
over a large portion of the circumference at the station behind the 
rotor , it was impossible to locate the instrumentation so as to com- 
pletely avoid measijring in these regions. The indications were, how- 
ever, that the wakes had mixed stiff iciently so that there were no large 
circumferential gradients of flow behind the rotor due to the guide-vane 
wakes. Therefore, it is believed that the data taken at station 2 
represent the combined performance of the inlet guide vanes and the 
rotor row, even thotigh complete circtimferential surveys over a guide- 
vane passage were not taken at this station. The measurements taken at 
station 2 were radial surveys of total pressure, static pressiire, and 
flow angle. In addition, three five-tip spike-type thermocouple rakes 
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were placed at three circumferential positions in the compressor casing. 
These thermocouples were -connected so that it was possible to read the 
temperature difference between the depression tank and station 2. Each 
thermocouple co\fLd also be read individ\aally in absolute units. Four 
wall static-pressure taps were provided on both the inner and outer 
walls. It was necessary to place the hub static taps approximately 

li inches behind station 2 because of the rotating hub. A summary of 

the instrumentation is given in table III. Photographs of the instru- 
mentation are shown in figure. 5. 

The static -pres sure probes and thermocouple rakes tased in this 
investigation were calibrated for the effect of Mach number (over a 
range from 0.1 to 0.9) before installation in the test rig. This cali- 
bration covered the range of absolute Mach number that was encountered 
in this investigation. There were slight circumferential variations in 
static press'ure and total tenp)erature in the wake-free regions of the 
blade both before and after the rotor; however, they were not considered 
serious enough to warrant taking con 5 )lete circumferential surveys at all 
data points. Some of these variations might be caused by the inlet 
bearing support struts and possible distortions in inlet flow. 


The investigation was divided into two phases: (l) rotor with 

guide vanes and (2) rotor alone. Data were taken at constant values of 
equivalent rotor speed Uji/ of 800, 900, 1000, and 1120 feet per 

second for each configuration. A range of weight flows was investigated 
at each speed from a high flow limit at which a pressure rise was no 
longer obtained at the tip to a flow at which blade tip stall occurred. 
An inlet pressure of 25 inches of mercury absolute was used for all 
tests . 


The average total -pressure ratio for the rotor with guide vanes was 
based on a mass -weighted integrated average of the isentropic power input 
that reduces to the following equation: 


Test Procedure 


Calculation Procedure 


r 



av 


( 2 ) 
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The average adiabatic temperature-rise efficiency vas calciilated as a 
ratio of mass -weighted average isentropic power input to mass -weighted 
average total-temperature rise across the rotor as follows : 


^ad “ 


"‘^T,2 

r-1 


To 

^H,2 


P2^x,2^2 



■ro)P2Vx,2^2 


( 3 ) 


A numerical- average pressure ratio and adiabatic efficiency were used 
in evaluating the performance of the rotor without guide vanes, because 
preliminary calculations indicated that the difference between mass- 
flow average and numerical average was negligible for this conf igviration 

The average momentum efficiency was calculated as a ratio of the 
mass-weighted isentropic power input to mass-weighted momentum change 
across the rotor as follows; 


% = 


P^T,2 

r-1 


[ .. 

' ^H,2 

[(»'■'] 

P2^x,2^2 


rvr, 


T,2 


1 

gJcp 


vj 


■H,2 


(^2^9, 2 - UiV0^i)p2Vx^2^2 ^ 


( 4 ) 


All other performance parameters used in this report were calcvilated 
directly from the measured pressure, temperature, and flow-angle data 
at stations 0, 1, and 2, respectively. Calculations across the rotor 
were made along assumed streamlines. The passage at stations 1 and 2 
was divided into five equal radial increments, and the blade elements 
were rated with the streamlines assumed to be straight lines connecting 
these points, as is indicated in figure 4. This assumption was made to 
expedite the calculation proced^are. The correct method for choosing 
streamlines would, of course, be to divide the passage into equal incre- 
ments of mass flow. If this method were used, it would have been neces- 
sary to recalculate the streamlines at every data point, and thvis also 
change the blade element rated at each operating point. Since this type 
calculation is very laborious , the same blade element was rated at all 
operating conditions. 
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Reliability of Data 

In an investigation of this type^ it is desirable to knov the accu- 
racy of measurement of the experimental data. It is not easy to deter- 
mine the accuracy of each measurement quantitatively. The effects of 
radial and pulsating flows in addition to the circumferential variations 
were not evaluated completely from the instrumentation that was eii 5 )loyed 
in this investigation. However, checks were made on the over -all per- 
formance data to estimate qualitatively the over-all accuracy of measure- 
ment. 


Over-all performance . - Three weight -flow measurements were com- 
pared. One was calculated from the pressure and ten^^erat-ure measurements 
at the orifice plate, and the others were computed from an integration 
of the survey data at stations 1 and 2. The accuracy of the integrated 
weight flow is primarily dependent upon measurements of static pressure, 
total pressure, and flow angle, if the proper effective flow area is 
chosen, because tenqperature errors exert only a small influence on these 
calculations. Therefore, if the integrated and orifice weight flows 
agree, the static -pressure , total -pressure , and flow-angle measurements 
are probably correct. In this investigation, the discrepancy between 
the weight-flow measurements was never greater than 5 percent, and in 
most cases was less than 5 percent. The differences, in addition to 
instrument error, can be attributed to such things as the effects of wall 
boundary layer, blade wake, and instrument blockage in reducing the 
effective flow area from the geometrical area, as well as to the circum- 
ferential variations in flow that existed. 

In addition to the weight-flow calculations, the efficiency of the 
con 5 )ressor was calculated by two different methods from equations (3) 
and (4), These efficiencies are compared in figure 6. In calculating 
momentum efficiency (eq. (4)), the actual work done is based on the 
change in moment-urn throiigh the rotor rather than on the teii 5 )erature rise. 
An inherent error in the momentum-work- input concept associated with 
casing torque and element heat-transfer effects, which has been described 
in reference 7, res-ults in values of efficiency higher than those calcu- 
lated from equation (3). Therefore, the momentum efficiency was only 
utilized as a guide, and values of temperature -rise efficiency were used 
in plotting all curves and in making all computations. Figure 6 indi- 
cates that the discrepancy between the moment-um and tenpierat-ure-rise 
efficiencies was greater in the rotor with guide vanes than without. In 
the case of the rotor with guide vanes, the inlet whirl velocity as well 
as the outlet whirl had to be evaluated. Measurement of the inlet whirl 
could have introduced an additional source of error into the momentum- 
efficiency calculation that was not present in the rotor alone, because 
the inlet whirl velocity was zero in this case. The previous discussion 
is concerned with the over-all accuracy of measurement. 
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Blade -element perf ormance . - The accuracy of measurement at each 
blade element is more difficult to determine than is the accuracy of 
the over -all data. No reliable check can be made on each individual 
meas\irement ; therefore, the absolute values aire subject to some ques- 
tion, However, it is believed that if reasonably good accuracy is 
obtained in the over -all resiilts, the blade-element results will be 
reliable , in that the shape of the performance curves and a comparison 
of the relative meas\ired values are valid. 

In some cases the measured blade -element efficiency at the hub of 
the compressor exceeded 100 percent. This is probably due largely to 
the radial displacement of the low-energy air at the hub towards the 
tip. Reference 8, which is a study of the secondary-flow phenomena in 
a set of turbine nozzles, shows that it is possible for a loss that 
originates near the tip of the blade to be measured at the hub. In the 
case of a rotating blade row, the reverse would probably be true; that 
is , a loss that originates near the hub could be measured at the blade 
tip. If nearly complete centrifuging of the losses occurs toward the 
blade tip at station 2, the hub-station efficiency (based on a pres- 
sure ratio, P2 /Pq) will be very close to 100 percent (as was the case 

in the rotor with guide vanes). If the hub-station efficiency is then 
recomputed, based on Pg/Pi (which is greater than Pg/Pg)^ the values 

could conceivably exceed 100 percent. Unfortunately, it was not possible 
to determine q\iantitatively the extent of the centrifuging of the losses 
in this investigation. It is entirely possible that measured values of 
temperature could also have affected the efficiency adversely. 

Concluding remarks . - A satisfactory correlation of data was 
obtained between the two investigations, and the efficiency level of 
this unit was approximately the same as the full-stage investigation 
reported in reference 2. Therefore, the data were considered to be 
sufficiently accurate for reasonable correlation. 


RESULTS AND DISCUSSION 
Over -All Performance 

Rotor with guide vanes . - The mass -averaged over -all performance is 
presented in flgrire 7. At design speed (U.p//v^ = 1120 ft/sec), a peak 

pressure ratio of 1.277 was reached at an efficiency of 0.85 and an 
equivalent weight flow of 23.75 pounds per second. A maximum efficiency 
at design speed of 0.905 was obtained at a weight flow of 28.18 and a 
presswe ratio of 1.186. Over the range of speeds investigated, the 
peak efficiency at each speed varied from 0.885 to 0.910. At speeds of 
900, 1000, and 1120 feet per second, low-flow test points were not 
obtained because of a blade failure that occurred during operation in 
the stall region. 
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Rotor alone. - The over -all performance of the rotor in operation 
without inlet guide vanes is presented in figure 8. A tip speed of 
1000 feet per second appears to be the best operating speed for this 
configuration^ because relatively high pressure ratio can be obtained 
at good efficiency. At higher speeds^ a rapid drop in efficiency 
occurs; at lower speeds, the pressure ratio is lower. Therefore, this 
speed will be considered to be design speed for this investigation. 

At an equivalent tip speed of 1000 feet per second, a peak pressure 
ratio of 1.297 was reached at an equivalent weight flow of 32.30 pounds 
per second and an efficiency of 0.89. A peak efficiency of 0.895 was 
reached at an equivalent weight flow of 33.60 pounds per second and a 
pressure ratio of 1.276. The weight flow for peak efficiency is very 
near the weight flow for peak pressure ratio. The drop in peak effi- 
ciency that occurs as the speed is increased from Ut/ = 1000 to 

Uip//^ = 1120 is due primarily to a Mach number effect. This point 
will manifest itself in a later discussion. 

Comparison . - The following table summarizes the design-speed 
over-all performance of both investigations: 


Performance 

point 

Rotor with guide vanes 
(Urp/V? = 1120 ft/sec) 

Rotor alone 
(U^/V® = 1000 ft/sec) 


Total- 

pressure 

ratio. 

Adia- 

"batic 

effi- 

ciency, 

Vd 

Equiva- 

lent 

weight 

flO'^ 

6 ^ 
Ib/sec 

Total- 

pressure 

ratio, 

Ps/fo 

Adia- 

batic 

effi- 

ciency, 

^ad 

Equiva- 
lent 
weight 
flow, 
Wz/e 
6 ^ 
lb/ sec 

Peak pressure ratio 
Peak efficiency 

1.277 

1.186 

0.85 

.905 

23.75 

28.18 

1.297 

1.276 

0.89 

.895 

32.30 

33.60 


In addition to the design-speed summary presented in the table, it 
is desirable to compare the over -all performance at each tip speed 
(figs. 7 and 8) in order to obtain a better insight into the over-all 
performance characteristics of the rotor in operation with and without 
guide vanes. The values of peak efficiency were approximately the same 
except at a speed of 1120 feet per second, where the efficiency of the 
rotor alone dropped approximately 7 percent. By a comparison of the 
peak isentropic power input per pound of fluid at each speed TpY 
(or Y, since inlet total temperature was constant at all speeds), it 
was found that the isentropic power input was approximately 30 percent 
higher when the rotor was operating without inlet guide vanes. The 
peak pressure ratio for the rotor alone increased from approximately 
1 percent at Urp/ a /6 = 800 feet per second to 8 percent at 

Uip//\/0 = 1120 feet per second. The total energy addition per pound of 
fluid can be written as 
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H2 - % = = Cp(T2 - Ti) 


( 5 ) 


From the definition of adiabatic efficiency: 


r-1 



1 


( 6 ) 


Combining equations (5) and (6) and solving for the pressure ratio 
result in: 


T 



lad ("2''9.2 - 



( 7 ) 


At constant wheel speed, inlet temperature, and efficiency, eq\ia- 
tion (7) indicates that the total -press\jre ratio is dependent only upon 
the change in tangential velocity, V0^2 - Ve^q. Therefore, the change 
in tangential velocity must have been larger in the rotor alone. This 
may be more clearly illustrated by observing figure 1, which is a 
typical velocity diagram for the rotor with guide vanes. The value of 
y in this figure is indicative of the change in tangential velocity. 
Consider a typical velocity diagram for the rotor alone with the same 
rotational speed and the same relative inlet flow angle 3^, there- 
fore the same relative outlet flow angle . In this case (since 3^. 

is equal to zero) , the value of social velocity must increase to pre- 
serve the same inlet and outlet angles. This increase effectively 
increases the magnitude of the velocity conponents in the velocity 
diagram, including the value of y. Therefore, the pressure ratio is 
higher in the rotor alone. 

The maximum equivalent weight flow increased approximately 21 per- 
cent at a tip speed of 1120 feet per second when the guide vanes were 
removed. At a tip speed of 800 feet per second, the increase amounted 
to 38 percent. These increases were expected. The addition of guide 
vanes to any annvilus introduces new flow boundaries, and, therefore, 
instead of being a function of the axial component of velocity, the 
choking flow limit is a function of the absolute component at the guide- 
vane exit. The flow area will be effectively reduced as a direct func- 
tion of the cosine of the guide-vane turning angle. It is, therefore, 
desirable to keep the guide-vane turning angle as low as possible for 
a high-mass-flow compressor design. 
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Blade -Element Performance 

The proced-ure followed in the design of this axial-flow compressor 
consisted of two phases. Initially^ it was necessary to select desirable 
velocity distributions at each radius of the compressor. Finally, the 
proper blade sections were chosen at each radial position and stacked 
in proper relation to each other to establish the design velocity dis- 
tributions at each radius. The following three sections of the report 
are concerned with both phases of the design. The performance of each 
radial blade element is presented in a manner primarily for convenient 
use in selecting compressor blading, as well as for comparing calcu- 
lated design velocity diagrams and measured values of velocity. Two 
independent variables are utilized as parameters for presenting the 
performance data in curve form, angle of incidence and equivalent weight 
flow. The use of equivalent weight flow as a plotting parameter is par- 
ticularly desirable for a comparison of experimental res-ults and calcu- 
lated design conditions. It is usually convenient to compare various 
variables such as pressure ratio and efficiency at design weight flow. 
This procedure is followed in the report. 

It is also advantageous to use incidence angle as an independent 
variable, since the range of angle of incidence, unlike range of equiva- 
lent weight flow, remains relatively constant at all speeds. Therefore, 
it is possible to relate the data at all blade speeds on a curve with 
only one basic parameter. Incidence angle is also frequently used as 
an Independent variable in two-dimensional cascade plots. Therefore, 
its utilization provides a means of making a direct comparison of two- 
dimensional and three-dimensional (compressor) cascade plots. In addi- 
tion, curves of angle of incidence against equivalent weight flow are 
also provided, so that a conversion from one parameter to the other can 
be made readily. 


Performance of Rotor With Guide Vanes 

A plot of local efficiency against equivalent weight flow at five 
radial positions along the blade height is shown in figure 9. The 
efficiency is computed from the pressure ratio between the depression 
tank and station 2; therefore, it provides an indication of the effi- 
ciency of the rotor and guide-vane combination. At all speeds investi- 
gated, the values of peak efficiency for radial positions B, C, D, and 
E exceeded 0.90. In contrast, however, the efficiency near the com- 
pressor tip (radial position A) usually was below 0.80. In order to 
analyze this problem (low tip efficiency) more completely, it is neces- 
sary to isolate the guide-vane losses and the rotor losses. 

Guide-vane effects . Curves of guide -vane t-urning angle and guide - 
vane total-pres sure -loss parameter plotted against radius ratio are 
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shown in figinre 10 at design mass flow. Both the turning angle and 
loss parameter remained relatively constant as the mass flow varied. 

The design guide-vane turning-angle variation is also indicated. In 
general, the experimental data check the design very well over most of 
the flow passage (within 1°); however, at the huh and tip regions of 
the blade, the deviation is greater. This variation was probably 
caused by improper allowance for the boundary-layer and secondary-flow 
effects described in reference 5. The guide-vane total -pressTxre-loss 
parameter was determined from an area average of the preliminary cir- 
cumferential s-urveys of pressure. The guide-vane loss remained rela- 
tively constant over the blade span except near the tip of the blade, 
where a sudden Increase in loss was observed. Inasmuch as all radial 
measuring stations were not in the wall boundary-layer region, the 
boundary- layer effects on the loss were considered to be negligible. 
Therefore, this plot indicates that a portion of the compressor tip 
losses are caused by a thickening of the guide-vane wakes, which tended 
to substantially reduce the average total pressure at station 1. 

Rotor performance . - The blade -element performance of the rotor 
(operating in conjunction with the inlet guide vanes) is presented at 
four tip speeds in figure 11. Curves of blade-element adiabatic effi- 
ciency (based on Pe/Pi)^ total -pressure ratio, angle of incidence, 
and relative inlet Mach nimiber are plotted against equivalent weight 
flow. When these figures are conpared with figure 9, a difference in 
rotor -tip peak efficiency of approximately 0.06 to 0.08 is obtained. 
Since the same values of total press\jre were used at station 2 in the 
computation of the efficiency curves (figs. 9 and 11), indications are 
that a considerable portion of the tip element losses are caused by 
increased wake size near the guide-vane tip (radial position A, sta- 
tion l) . 

In figure 12, curves of rotor total -pressure-loss parameter, rela- 
tive inlet Mach number, and rotor turning angle are plotted against 
angle of incidence at four tip speeds for the five radial positions 
from hub to tip. At all radial positions except the tip, it is possible 
to operate over a fairly wide range of Incidence angle without incurring 
serious total -pres sure losses. At the hub section (fig. 12(e)), the 
losses are zero over most of the incidence-angle range. Reference 1, 
in which two-dimensional-cascade test results are obtained on a circular- 
arc airfoil of approximately the same camber and solidity, indicates a 
higher loss level. It was, therefore, believed that the low loss level 
at the hub that was obtained in this investigation was due to a radial 
shift of the low-energy air toward the tip section in addition to instru- 
ment errors described previously. If the optim\mi incidence angle is 
considered to be at the center of the low-loss incidence range, the 
optimum incidence angle in this investigation varied from -1° to 5° from 
tip to hub. Since the Mach nTjmber varies only slightly with incidence 
angle at each speed, these curves may be considered as loss ciirves at 
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constant Mach number. The difference in the loss curves (which is, in 
general, fairly small) at each speed can he attributed to the difference 
in Mach number at each speed. There appeared to be no Mach number 
effect on the turning-angle curves within the range of experimental 
accijracy, because all speeds plotted on a single curve. 

Copipaxison with design . - In figure 12, in addition to the experi- 
mental turning -angle plots, the design turning-angle curves calculated 
from equation (l) are plotted as dotted lines. At the design incidence 
angle (2°), which is the incidence angle where the rule was applied, 
there is good agreement of the design rule and experimental results, 
except near the hub. At radial position E (fig. 12(e)), the data fall 
below the design line. The reason for this fact cannot be satisfactorily 
explained at this time. 

Figure 13 is a plot of dimensionless energy addition against radiuis 
ratio at design speed. This curve indicates that at the design weight 
flow the design energy addition was not attained. The design assun 5 )tion 
of efficiency (0.90) proved to be very accurate at design weight flow 
(fig. 7). Therefore, the effects of efficiency on design energy addi- 
tion were eliminated. Achieving design-point operation was of secondary 
Importance in this investigation; therefore, no passage-area allowance 
for boundary was made. Because of the boundary-layer buildup at sta- 
tions 1 and 2, the axial velocity at design weight flow at station 1 
was higher than design. The ratio of the measured mesin axial velocity to 
the design axial velocity was 1.05. At station 2 a further 

increase in axial velocity resulted ~ 1*09) • Since the axial 

velocity was high at station 1, design angle of Incidence was not 
attained at design weight flow, as is indicated by figure 11(a). A low 
angle of incidence and an acceleration of axial velocity throiigh the 
rotor both contributed to reducing the energy addition below the design 
value. Since the design energy addition was low, it was expected that 
the pressure ratio (fig. 7) wo\ild fall below the design value. 

Radial equilibrium . - Curves of dimensionless axial velocity against 
radius ratio at design speed at stations 1 and 2 are given in figure 14. 
Plots corresponding to three different values of weight flow are shown 
in each figure, high flow, low flow, and maximum efficiency. The dotted 
curves are distributions of dimensionless axial velocity calculated by 
integrating equation (14) of reference 9. The eqmtion is as follows: 



as ^ ^(rve) SVj, avr 


avj. 


( 8 ) 


The integration of this equation was based on the following assumptions: 
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1. Since the calculations were made hefore and after each blade 
row, the radial force exerted on the gas by the blades was zero (Fj. = O). 


2. Radial accelerations of velocity were ass\jmed to be equal to 


zero; therefore, Vx 




= 0 . 


3. The variation in entropy along the radius was assTimed to be zero; 
therefore, T ^ = 0. 

Equation (8) then reduced to 


Figures 14(a) and (b) indicate that the design assumption of simple 
radial equilibritmi was reasonably accurate both before and after the 
rotor. In order to find the effect of the variation in entropy along 

Ss 

the radius after the rotor on equation (9), the term T ^ was expressed 

in terms of measured pressures and tenpieratures and added to equa- 
tion (9). The results of this calculation are indicated in figure 14(c), 
which shows that the con5)uted axial velocity will more closely approxi- 
mate measured values if the entropy-gradient term is included in the 
equilibrium calculation. 

Rotor-outlet conditions . - In figiire 15, the rotor-outlet absolute 
air angle and rotor -outlet absolute Mach nimiber are plotted against 
radius ratio at the maximum efficiency point at design speed. This 
curve represents the stator-inlet conditions and is presented to show 
the range of inlet conditions which would be encountered in the stator - 
design problem. 



Performance of Rotor Alone 

Blade-element performance. - The blade -element performance of the 
rotor without inlet guide vanes is presented at four tip speeds in fig- 
ure 16. Curves of blade-element adiabatic efficiency, total -pressure 
ratio, angle of incidence, and relative inlet Mach momber are plotted 
against equivalent weight flow. In figure 17, curves of total-pressure- 
loss parameter, relative inlet Mach number, and rotor turning angle are 
plotted against angle of incidence at four tip speeds for the five 
radial positions. The optimum incidence angle varies from approximately 
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at the tip (radial position A, fig. 17(a)) to approximately 5° at 
radial position D (fig. 17(d)). At the hnh (fig. 17(e)), because of 
the shape of the loss curves, the optimum incidence angle could not be 
determined. Figure 17 indicates that there is an apprecialbe variation 
of Mach n-umber vith incidence angle. This tends to reduce the slope of 
the loss curves somewhat at the high incidence angles. At radial posi- 
tions B, and D (figs. 17(b) to (d)) a slight dip in the turning- 
angle curves was noted. The reason for this dip cannot be explained 
definitely; however, it is possible that a slight flow separation and 
reattachment could have occurred in the region of the dip. Again, 
within the range of experimental accuracy, there appeared to be no 
effect of Mach number on the turning-angle curves. The dashed curves 
indicate the design rule. At the design angle of incidence (2^), the 
data at radial positions A, B, and C agree with the rule of reference 6 
reasonably well (within 1.5^). At radial positions D and E, data points 
at design incidence were not obtained because of the large gradient of 
incidence angle imposed by removal of the guide vanes. Therefore, a 
check with the design rule could be made only by extrapolation of the 
turning -angle curve to design incidence. Since there was some scatter 
of data in the end regions of the turning-angle curves at radial posi- 
tions D and E, accurate extrapolation proved to be difficult. There- 
fore, the check on the design rule at these radial positions was not 
considered accurate enough to warrant discussion. 

Radial eguilibrj-um . - Curves of dimensionless axial velocity against 
radius ratio at station 2 at a tip speed of 1000 feet per second are 
shown in figure 18. Three plots, corresponding to three different 
values of weight flow, are shown, high flow, low flow, and maximum effi- 
ciency. In figure 18(a), the dashed curves represent the distributions 
of dimensionless axial velocity that were calculated by means of equa- 
tion (9). The dashed curves in figure 18(b) have alsQ been calculated 
from equation (9), with the entropy-gradient term included in the cal- 
culation. The results, similar to those for the rotor with guide vanes, 
indicate that a better correlation of calculated curves and experimental 
data is obtained if the entropy-gradient term is included in the equa- 
tion for radial equilibrium. 

Rotor-outlet conditions . - Figure 19, which is similar to fig- 
ure 15 and presents the rotor -outlet absolute air angle and rotor - 
outlet Mach number against radius ratio at the maximum-efficiency point 
at a tip speed of 1000 feet per second, represents the stator-inlet 
conditions that would probably be used for a stator -blade design. 


Comparison of Rotor Investigations 

In order to integrate the previous discussions of the blade-element 
parameters used in evaluating the performance of both configurations, it 
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was desirable to compare the performance cxirves. By means of this com- 
parison, the regions of agreement and disagreement of the performance 
parameters would be manifest. 

Blade -element performance . When figure 11 is compared with fig- 
ure 16, several differences in performance are observed. The blade- 
element peak efficiencies covered the same range of values except at a 
tip speed of 1120 feet per second. The pressure -ratio level and the 
Mach number at each radial position at each speed were higher for the 
rotor with no guide vanes , becaiase velocity diagrams at each radial 
position were effectively scaled up. The reason for these facts was 
explained in detail in the section on Over -All Performance. 

The rate of change of incidence angle with weight flow is greater 
for the rotor with guide vanes. Therefore, for a given increment of 
incidence angle, a greater increment of weight flow will be obtained 
for the rotor alone. The angle of incidence from hub to tip at each 
weight flow at each speed is relatively constant for the rotor with 
guide vanes. In contrast, this angle varies approximately 8° for the 
rotor alone. The incidence-angle variation, however, did not seem to 
cause any appreciable mismatching of the blade sections, as is indicated 
by the fact that the value of weight flow for peak efficiency at each 
radial position at each speed was relatively constant. This trend 
cannot be reconciled with the cascade data of reference 1. The res\ilts 
of reference 1 indicate that the hub section of the blade would be 
operating in the high-loss region at values of incidence angle incurred 
in the investigation of the rotor alone. Therefore, it appears that 
three-dimensional effects alleviated the problem of high hub incidence 
angxes. It is possible that a radial shift of the low-energy air 
towards the tip resulted in a high indicated efficiency at the hub 
before separation, in spite of the very high incidence angles. In addi- 
tion, because of the flow- area blockage caused by finite blade thickness, 
an acceleration of the flow ahead of the blades may have delayed flow 
separation associated with high incidence angles. 

In a conparison of figure 12 with figure 17, differences in per- 
formance are also noted. In the previous discussions of these figures, 
it was stated that the optimum incidence -angle variation from hub to 
tip in the rotor with guide vanes is from -1® to in the rotor alone, 
the values of optimum incidence angle are slightly higher, ranging from 
1 at the tip to 5*^ at radial position D (the hub optimijm incidence 
angle could not be determined). The Mach nimiber level is higher for the 
rotor alone, and it appears that values of optimum incidence increase as 
Mach number increases. This trend is also indicated by the cascade data 
of reference 1. In the regions where a conparison of the design 
turning-angle rule and the experimental data coiild be made, the results 
indicate that the design rule predicted accurately the tirrning angle 
except at radial position E, where a slight underturning was observed. 
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In addition, a comparison of the tip turning-angle cTjrves (figs. 12(a) 
and 17(a)) indicates that a wider range of angle of incidence could he 
covered before tip stall with the rotor alone. The point at which tip 
stall occurs is assumed to he that value of incidence where the maximum 
turning angle occurred. Therefore, a wider weight-flow range could he 
covered before tip stall in the rotor alone for two reasons. The 
incidence -angle range before tip stall is greater, and, as previotisly 
indicated, the rate of change of incidence angle with weight flow is 
smaller for the rotor alone. Therefore, a greater weight -flow range 
is possible in the rotor alone. 

Blade -loading and Mach number effects . - It has been generally 
established that one of the largest sources of losses in axial-flow 
compressors occurs when the flow separates from the suction surface of 
the blades. The flow separation arises from excessive suction-surface 
velocity gradients (high blade loading) and from the results of shocks 
and bo\mdary-layer interactions that occur with high relative inlet 
Mach numbers. As reported in reference 10, blade loading can be ade- 
quately described by the diffusion factor, which can be written as 


D = 



_^ 2 V ^ 0,2 -"^ 0,1 

V£ j 2aV£ 


( 10 ) 


Values of diffusion factor have significance at or very near the opti- 
mum incidence angle of the blade. The first term is a function of the 
relative velocity ratio ^ and the second term is proportional to the 
blade lift coefficient. In reference 10, equation (lO) was used to 
correlate data obtained from numerous single-stage-compressor test rigs 
on the basis of the total -pressure-loss parameter o> ‘at or near opti- 
mum incidence angle at values of sub-limiting Mach numbers. The limit- 
ing Mach number is defined as the Mach number where losses begin to 
increase very rapidly. 

In order to compare results of the two rotor investigations and to 
examine the differences in blade-loading and Mach number levels, the 
measured total -pressure-loss parameter is plotted in figure 20 against 
diffusion factor. The data points represent both investigations and 
are either at or near the optimum incidence angle, since values of dif- 
fusion factor apply only in this range. 

At radial positions B, C, D, and E, only a relatively small range 
of diffusion factor was covered. In this range, the losses were of 
the same order of magnitude as those reported at the hub- and mean- 
radius positions in reference 10. This being the case, it was felt that 
flow separation did not occur near optimum incidence. At these radial 
positions, a good correlation of data was obtained for both rotor 
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investigations. Since the loss level was of the same order of magni- 
tude in both cases, even though the Mach nvimber level was different, 
these plots indicate that the relative inlet Mach number did not have 
any measvirable effect on the performance in the range of Mach nvimbers 
experienced. 

At radial position A, a much wider range of losses and diffusion 
factors was c&vered. As the diffusion factor increased, the loss 
increased. This type of loss variation with diffusion factor was also 
reported in reference 10, and is shown on the curve by the dashed lines. 
The measured diffusion factors are reasonably accurate, because it is 
believed that the measured velocities are correct, in view of the inte- 
grated weight-flow checks. Excl\iding the data for the rotor alone at 
Ut/ = 1120 feet per second, the data from both investigations appear 
to fall on a single curve that is somewhat higher than the range of 
values given in reference 10. The higher losses might be due to exper- 
imental inaccuracy and the transporting of low-energy air from the hub 
to the tip in the rotor, as mentioned previously. The only data that 
do not appear to agree with all the rest are the loss parameters at the 
two lower values of diffusion factor at Uij>/ '\f0 = 1120 feet per second 
for the rotor alone. These higher losses are am indication that the 
limiting relative Mach number for this blade section has been exceeded 
for these two points for this diffusion-factor range. The value for 
the limiting Mach n-umber appears to be between 1.10 and 1.20 for the 
blade element near the tip, on the basis of this diffusion correlation. 
This value is considerably higher than that at which any conventional 
airfoil currently in use has been able to operate efficiently. The 
higher value is partly due to the fact that the circular-arc airfoil 
has a much thinner nose ; therefore , for a given inlet Mach number , both 
the blade maximum surface velocity and the channel mean velocity will 
be lower than those of conventional airfoils. Since the channel mean 
velocity determines the "choke point", higher inlet Mach numbers may 
be tolerated before the shock and bo\mdary-layer losses associated with 
choking flow are incurred. 

If the data points at Uij/ ^/d = 1120 feet per second for the rotor 

alone are again not considered in figure 20(a), the range of values of 
diffusion factor covered in both Investigations is the same. Therefore, 
approximately the same loss -parameter level was obtained in both investi- 
gations, even though considerably higher pressure ratios were obtained 
for the rotor alone. 


SUMMARY OF RESULTS 

A 14-inch-diameter axial -flow-compressor rotor with a hub -tip 
diameter ratio of 0.50 was operated to investigate the blade-element 
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characteristics as veil as the over-all performance of a set of circular- 
arc blades over a range of inlet relative Mach number from 0.40 to 0.82 
with inlet guide vanes installed and from 0.44 to 1.22 with the guide 
vanes removed. The following results were obtained from this investi- 
gation: 


1. At design blade tip speed of 1120 feet per second, a peak pres- 
sure ratio of 1.277 was reached at an efficiency of 0.85 and an equiva- 
lent weight flow of 23.75 pounds per second for the rotor with guide 
vanes. A maximum design-speed efficiency of 0.905 was obtained at a 
weight flow of 28.18 and a pressure ratio of 1.186. 

2. At an equivalent tip speed of 1000 feet per second, which was 
considered to be the best operating speed for the rotor alone, a peak 
pressure ratio of 1.297 was reached at an equivalent weight flow of 
32.30 pounds per second and an efficiency of 0.89. A peak efficiency 
of 0.895 was reached at an equivalent weight flow of 33.60 pounds per 
second and a pressure ratio of 1.276. 

3. The over-all compressor tip efficiency was reduced 6 to 8 per- 
cent because of losses in the inlet guide vanes. 

4. In both investigations, it was possible to operate over a wide 
range of incidence angle at all radial positions with no large losses 
except at the blade tip. 

5. Over the range of Mach numbers investigated, no Mach number 
effect on the turning angle was detected. 

6. At the design incidence angle, the design turning-angle rule 
predicted accurately the turning at all radial positions except the 
hub section. At the hub, slight underturning resulted. 

7. The design assumption of simple radial equilibrium was rela- 
tively accurate, in that reasonably good checks of calculated and 
measured axial velocity were obtained. However, when the entropy- 
gradient term was included in the radial equilibrium equation, there 
was better agreement between the measured data and calculated values 
of axial velocity. 

8. The optimum incidence angle appeared to increase as Mach number 
increased in this investigation. 
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9. In the investigation of the rotor alone at a tip speed of 
1120 feet per second^ there were Indications that the limiting relative 
Mach number (which was determined to he between 1.10 and 1.20) had been 
exceeded. Therefore, the over-all peak efficiency was reduced approxi- 
mately 7 percent. 


Lewis Flight PropiiLsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APPENDIX - SYMBOLS 

The following symbols are used in this report : 

’ blade measuring stations 
blade chord, in. 

specific heat at constant pressure, 0.241 Btu/ ( lb ) ( deg ) 

/ V0^2 - V0,i 

diffusion factor (1 - 2cV^ 

force 

acceleration due to gravity, 32.2 ft/sec^ 

total enthalpy (actual work input per pound calculated from 
total-temperat\ire rise), ft-lb/lb 

dimensionless axial velocity, ratio of axial velocity to tip 
speed 

angle of Incidence, angle between tangent to blade mean camber 
line at leading edge and inlet-air direction, deg 

mechanical eq^uivalent of heat , 778 ft-lb/Btu 

arbitrary constant 

Mach number 

coefficient - function of blade-setting angle (angle between 
chord and axis) 

total pressure, Ib/sq ft 

static pressure, Ib/sq ft 

radius 

blade spacing, in. 
entropy, Btu/ (lb) (deg) 
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T 

t 

U 

V 

w 

X 


3 

r 

A 


’lad 


'M 


M- 

P 

a 

cp 


temperatvire , °R 

"blade thickness, (percent of chord length) 
blade speed, ft/sec 
velocity, ft/sec 
weight flow, Ib/sec 

ratio of absolute tangential velocity to rotor tip speed 
r-1 

ft)' ■ ‘ 

ratio of change in tangential velocity through rotor to rotor 
tip speed 

radiias ratio, r/rrp or blade -speed ratio U/Up 

angle between velocity vector and rotor axis, deg 
ratio of specific heats 

deviation angle, angle between tangent to mean camber line at 
blade trailing edge and air direction 

ratio of inlet total pressure to standard NACA sea-level pres- 
sure, 2116.2 Ib/sq ft 

adiabatic efficiency 
moment-urn efficiency 

ratio of inlet total temperature to standard MCA sea-level 
ten 5 )erature , 518.6° R 

blade-setting angle, angle between chord and axis, deg 
air density, slugs/cu ft 
ratio of chord to spacing, c/s 
blade camber angle, deg 
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CD total -pressure -loss parameter^ 

Subscripts : 
av average 

d design condition 

GV guide -vane inlet 

H coiDpressor hub 

i ideal condition 

m mean 

P pressure surface 

r radial direction 

S suction surface 

T compressor tip 

X axial direction 

G tangential direction 

0 depression-tank measuring station 

1 measuring station after guide vanes 

2 measuring station after rotor 

Superscript : 




or 


\^0 - PGVy 


relative to rotor 
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TABLE I. - GUIDE -VAKE GEOMETRY 


Radial 

position 

Blade 
camber 
angle ^ 

deg 

Blade 

chord, 

c, 

in. 

Chord-to- 

spacing 

ratio, 

a 

Hub 

26.6 

1.08 

1.37 

Mean 

36.5 

1.47 

1.24 

Tip 

57.2 

2.25 

1.43 


Compressor diam. , in. . 

Compressor hub-tip diam. ratio . . . . 

Blade radius of curvature, in 

Material 

Blade leading- and trailing-edge radii 
Number of blades 


in 


0.060-in. 


... 14 

. . . 0.50 

. . . 2.346 

sheet steel 

. . . 0.030 
. . . 28 


TABLE II. - ROTOR BLADE DETAIIB 


Radial 

position 

Blade 
camber 
angle ^ 

% 

deg 

Blade 

thickness^ 

percent 

chord 

Chord-to- 
spacing 
ratio ^ 
a 

Suction- 

surface 

arc 

radius y 
in. 

Pressure- 

surface 

arc 

radius y 
in. 

Hub 

31.2 

10.0 

1.57 

1.74 

7.97 

Mean 

16.1 

7.5 

1.05 

2.79 

214.88 

Tip 

0 

5.0 

.785 

8.28 

-8.28 



Compressor diam., in 14 

Compressor huh -tip diam. ratio 0.50 

Rotor blade chord, in 1.50 

Rotor blade leading-edge radius, in 0.010 

Rotor blade trailing-edge radius, in 0.030 

Number of blades 23 


TABLE III. - INSTRUMEOTATION SUMMARY 


Station 

Radial. 

measuring 

position 

Measurement 

Instrument 

Circum- 

ferential 

positions 

Station 

Radius , 
ft 

Depression 
tank, 0 



Total pressure 

Wall taps 

4 

Total temperature 

Thermocouple probe 

3 

After guide 
vanes, 1 

Tip 

A 

B 

C 

D 

E 

Hub 

0.5833 

.5529 

.4937 

.4346 

.3754 

.3162 

.2867 

Total pressure 

Claw total -pressure probe 

1 

Static pressure 

straight -support wedge-type static- 
pressure probe 
Wall taps 

1 

4 

Flow angle 

Claw total-pressure probe 

1 

After rotor 
blades, 2 

Tip 

A 

B 

C 

D 

E 

Hub 

0.5833 

.5562 

.5021 

.4479 

.3937 

.3396 

.3125 

Total pressure 

Claw total-pressure probe 

1 

static pressure 

"L”-support wedge-type static -pressiire 
probe 
Wall taps 

1 

8 

Total temperature 

5-Tip spike-type total-temperature rake 

3 

Flow angle 

Claw total-pressure probe 

1 
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C\D 

O) 



Radial 

position 

ft/sec 

Vi/Ut 

V 2 /UT 

Vi/UT 

V 2 /UT 

hi 

h2 

z 

^1 

^2 

y 

Pi 

deg 

Pi 

deg 

Pi^ 

deg 

P2^ 

deg 

Huh 


0.5819 

0.7522 

0.6518 

0.5932 

0.5584 

0.5921 

0.5 

0.1639 

0.4639 

0.300 

31.0 

3.5 

16.4 

38.1 

Mean 


0.5524 

0.6659 

0.7062 

0.5806 

0.4946 

0.4946 

0.75 

0.2459 

0.4459 

0.200 

45.5 

31.6 

26.4 

42.0 

Tip 

1120 

0.5080 

0.5907 

0.7762 

0o6272 

0.3881 

0.3474 

1.0 

0.3278 

0.4778 

0.150 

60.0 

56.4 

40.2 

54.0 


Figure 1. - Design velocity diagrams computed at standard conditions for rotor with guide vanes. 
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(a) Geometry. 




(b) Top view. 


Figure 2. - Typical rotor blade section. 
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Figure 3. - Experimental setup. 
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Figure 4. - Experimental compressor. 
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(a) straight -support static-pressure wedge. 
Station 1. 




C- 30693 


(b) Spike-type thermocouple rake. 
Station 2. 





(c) Claw total-pressure tube. (d) "L"-support static-pressure wedge. 

Stations 1 and 2. Station 2. 


Figure 5. - Types of instrumentation. 
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(a) Rotor with guide vanes. 


Figure 6. - Comparison of temperature-rise and momentum efficiencies at four equivalent tip speeds. 
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Equivalent weight flow, Ib/sec 

(b) Rotor alone. 

Figure 6. - Concluded. Comparison of temperature-rise and momentum efficiencies at four equivalent tip speeds. 
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Figure 7. - Over-all performance of rotor with guide vanes. 
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Figure 8. - Over-all performance of rotor alone. 
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(a) Blade tip speed, 1120 feet per 
second. 


(b) Blade tip speed, 1000 feet 
per second. 
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Equivalent weight flow, Vy/W/b, Ib/sec 


(c) Blade tip speed, 900 feet per second. (d) Blade tip speed, 800 feet per second. 

Figure 9. - Variation of blade-element efficiency (including guide-vane losses) with equivalent 
weight flow for rotor with guide vanes. 
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Figure 10. - Variation of total-pressure-loss parameter and 
turning angle with radius ratio through inlet guide vanes. 
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Figure 11. 


Equivalent weight flow, \its/W/b, Ib/sec 
(a) Blade tip speed, 1120 feet per second. 

Blade-element performance data for rotor with guide vanes . 
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(b) Blade tip speed, 1000 feet per second. 

Figure 11. - Continued. Blade-element performance data for rotor with 
guide vanes. 
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Equivalent weight flow, Mfs/W/b, Ib/sec 


(c) Blade tip speed, 900 feet per second. 

Figure 11. - Continued. Blade-element performance data for rotor with guide vanes. 
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(d) Blade tip speed, 800 feet per second. 


Figure 11. - Concluded. Blade-element performance data for rotor with guide vanes. 
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41 1 1 

-8 -4 0 4 8 12 16 

Angle of Incidence, 1, deg 


(a) Position A. Blade camber angle, 4.3®; chord-to-spaclng 
ratio, 0.825; blade-setting angle, 51.3®. 

Figure 12. - Blade-element performance data at five radial 
positions for rotor with guide vanes. 
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(b) Position B. Blade camber angle, 9.3°: chord-to-spaclng 
ratio, 0.918; blade-setting angle, 43.4°. 


Figure 12. - Continued. Blade-element performance data at 
five radial positions for rotor with guide vanes. 
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(c) Position C. Blade camber angle, 14.0°; chord-to-spaclng 
ratio, 1.04; blade-setting angle, 34.8°. 


Figure 12. - Continued. Blade-element performance data at 
five radial positions for rotor with guide vanes. 
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(d) Position D. Blade camber angle, 18 *1°; chord-to-spaclng 
ratio, 1 . 19 ; blade-setting angle, 26 . 1 °. 


Figure 12 . - Continued. Blade-element performance data at 
five radial positions for rotor with guide vanes. 
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Figure 12. - Concluded. Blade-element performance data at 
five radial positions for rotor with guide vanes. 
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Figure 13. - Dimensionless energy addition plotted against 
radius ratio at design speed. for rotor with guide vanes. 
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(a) Station 1, ai’ter guide vanes. 



("b) Station 2, after rotor. 

Figure 14, - Measured and calculated dimensionless 
eixial velocity at design speed for rotor with 
guide vanes. 
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(c) Station 2. Calculated values include entropy- 
gradient term in radial equilibrium equation. 

Figure 14. - Concluded. Measured and calculated 
dimensionless axial velocity at design speed 
for rotor with guide vanes. 
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Radius ratio, z 


Figure 15. - Rotor-outlet angle and Mach number plotted against 
radius ratio for rotor with guide vanes. Blade tip speed, 
1120 feet per second; equivalent weight flow, 28.18 pounds 
per second. 
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Equivalent weight flow, W^/^6, Ib/sec 


(a) Blade tip speed, 1120 feet per second. 

Figure 16. - Blade-element performance data for rotor alone. 
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(b) Blade tip speed, 1000 feet per second. 

Figure 16. - Continued. Blade-element performance data for rotor alone. 
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(c) Blade tip speed, 900 feet per second. 

Figure 16. - Continued. Blade-element performance data for rotor alone. 
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Equivalent weight flow, Vly/e/b, Ib/sec 

(d) Blade tip speed, 800 reet per second. 

Figure 16. - Concluded. Blade-element performance data for rotor alone. 
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(a) Position A. Blade camber angle, 4*3°; chord-to-spaclng 
ratio, 0.825; blade-setting angle, 51.3°. 


Figure 17. - Blade-element performance data at five radial 
positions for rotor alone. 
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Angle of Incidence, 1, deg 

(b) Position B. Blade camber angle, 9.3°; chord-to-spaclng 
ratio, 0.9184; blade-setting angle, 43.4°. 

Figure 17. - Continued. Blade-element performance data at five 
radial positions for rotor alone. 
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(c) Position C. Blade camber angle, 14.0°; chord-to-spaclng 
ratio, 1.04; blade-setting angle, 34.8 . 


Figure 17. - Continued. Blade-element performance data at five 
radial positions for rotor alone. 
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(d) Position D. Blade camber angle, 18.1®; chord-to-spaclng 
ratio, 1.19; blade-setting angle, 26.1®. 


Figure 17. - Continued. Blade-element performance data at five 
radial positions for rotor alone. 
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(e) Position E. Blade camber angle, 23.1°; chord-to-spacing 
ratio, 1.40; blade-setting angle, 17.4°. 


Figure 17. - Concluded. Blade-element performance data at five 
radial positions for rotor alone. 



(a) Blade tip speed, 1000 feet per second. (b) Blade tip speed, 1000 feet per second. Cal- 

culated values include entropy-gradient term 
in radial-equilibrium equation. 

Figure 18. - Measured and calculated dimensionless axial velocity at station 2 for rotor alone. 
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Figure 19. - Rotor-outlet angle and Mach number plotted 
against radius ratio for rotor alone. Blade tip speed, 
1000 feet per second; equivalent weight flow, 33.58 pounds 
per second. 
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(a) Radial position A. 
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(b) Radial position B. 
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(c) Radial position C. 
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(d) Radial position D. 
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Diffusion factor, D 


(e) Radial position E. 

Figure 20. - Variation of total-pressure-loss parameter with 
diffusion factor for points near optimum Incidence angle. 
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